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Hyper-­‐K	
  overview	


2	
x	
  25	
  of	
  Super-­‐K	


Total	
  vol.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.99	
  Mton	
  
Fiducial	
  vol.	
  	
  	
  	
  	
  	
  0.56	
  Mton	
  (0.056	
  Mton	
  x	
  10	
  compartments)	
  
Photo-­‐sensors	
  	
  99,000	
  of	
  20-­‐inch	
  PMTs	
  for	
  Inner	
  Detector	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (20%	
  photo-­‐coverage)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  25,000	
  of	
  8-­‐inch	
  PMTs	
  for	
  Outer	
  Detector	
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assuming	
  budget	
  being	
  approved	
  from	
  JPY2016	


JFY	

Construc(on	
  start	


Tunnels	

Cavity	
  excava(on	


Concrete,	
  liner	

PMT	
  support,	
  PMT	
  installa(on	


Photo-­‐sensor	
  R&D	


Prep.	
  for	
  glass	
  valve,	
  
PMT	
  produc(on	


PMT	
  produc(on	


Water	
  filling	

Opera(on	




Physics	
  topics	
  in	
  Hyper-­‐K	


•  Accelerator	
  neutrino	
  beam	
  
•  Atmospheric	
  neutrinos	
  
•  Solar	
  neutrinos	
  
•  Astrophysical	
  neutrino	
  
– Supernova,	
  Dark	
  Ma]er,	
  Solar	
  flare,	
  etc..	
  

•  Neutrino	
  geophysics	
  
•  Nucleon	
  decay	
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LOI	
  by	
  Hyper-­‐K	
  WG,	
  arXiv:	
  1109.3262	
  [hep-­‐ex]	


Neutrino	
  oscilla(ons	
  
w/	
  CPV	


GUT	


This	
  talk	




CP	
  measurement	
  
with	
  Hyper-­‐K/J-­‐PARC	
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CP	
  measurement	
  with	
  J-­‐PARC/Hyper-­‐K	


•  Strength	
  of	
  water	
  Cherenkov	
  detector	
  
–  Large	
  mass	
  –	
  sta(s(cs	
  is	
  always	
  cri(cal	
  
–  Excellent	
  reconstruc(on/PID	
  performance	
  especially	
  in	
  
sub-­‐GeV	
  region	
  (quasi-­‐elas(c	
  è	
  	
  single	
  ring)	
  

•  Best	
  matched	
  with	
  low	
  energy,	
  narrow	
  band	
  beam	
  
–  Off-­‐axis	
  beam	
  with	
  rela(vely	
  short	
  baseline	
  

•  Less	
  ma]er	
  effect	
  
•  Complementary	
  to	
  other	
  >1000km	
  baseline	
  
experiments	
  planned	
  in	
  EU/US	
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(natural	
  extension	
  of	
  technique	
  proved	
  by	
  T2K)	




•  Comp	
  between	
  P(νμ→νe)	
  and	
  P(an(-­‐νμ→an(-­‐νe)	
  
– as	
  large	
  as	
  ±25%	
  from	
  nominal	
  	
  
– Sensi(ve	
  to	
  exo(c	
  (non-­‐MNS)	
  CPV	
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Measuring	
  CP	
  asymmetry	

Measuring CP asymmetry w/ J-PARC ν beam

12

• Comparison between P(νμ→νe) and P(νμ→νe)
• as large as ±25% from nominal.
• Sensitive to exotic (non-MNS) CPV

P(νμ→νe) appearance probabilityνμ→νe probability
Normal hierarchy

‣ CPV test by comparing P(νμ→νe) and P(νμ→νe)
‣ sensitive to exotic CPV (non MNS matrix origin)
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TokaiKamioka

Intense ~600 MeV νµ beam for 
neutrino oscillation studies

• High sensitivity search for θ13

• Precision measurement of θ23, Δm223

J-PARC

Super Kamiokande
“far” detector (FD)

295 km

~500 collaborators from
 58 institutions, 12 nations

The XXVth International Symposium on Lepton Photon Interactions at High Energies

see “T2K Experiment”
arXiv:1106.1238 submitted to NIM A

2Thursday, August 25, 2011

J-PARC Accelerator@Tokai

12年10月1日月曜日

Appearance	
  probability	
  @	
  Hyper-­‐K,	
  L=295km	
  
(normal	
  hierarchy)	
  	
  



Expected	
  ν	
  flux	
  @	
  Hyper-­‐K	
  (unoscillated)	
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•  2.5°	
  off-­‐axis	
  beam	
  from	
  J-­‐PARC	
  
•  Peaked	
  at	
  oscilla(on	
  maximum	
  
•  Suppress	
  BG	
  from	
  high	
  energy	
  component	
  (ντ	
  negligible)	


The ν beam

13

Expected neutrino flux at Hyper-K (unoscillated)

νμ
νμ νe νe

ν/5
0M

eV
/c

m
2 /

10
21

PO
T

Eν (GeV) Eν (GeV)

ν mode ν modeνμ
νμ

νe νe

2.5o off-axis beam from J-APRC
Peaked at oscillation maximum

Suppress BG from high energy component (ντ negligible)

12年10月1日月曜日

Eν(GeV)	
 Eν(GeV)	




Full	
  MC	
  study	

•  Full	
  simula(on	
  of	
  ν	
  beam,	
  interac(on,	
  detector	
  
response	
  and	
  reconstruc(on	
  
–  Photo-­‐coverage:	
  half	
  of	
  SK-­‐4	
  (20%	
  coverage)	
  

•  Event	
  selec(on	
  almost	
  the	
  same	
  as	
  T2K	
  
–  Loose	
  cut	
  on	
  Eν	
  to	
  u(lize	
  spectrum	
  informa(on	
  

•  Assumed	
  ten	
  year	
  running	
  w/	
  750kW	
  power	
  
– We	
  expect	
  some	
  beam	
  power	
  upgrades	
  beyond	
  750kW	
  
–  3	
  year	
  in	
  ν	
  run	
  /	
  7	
  year	
  in	
  an(-­‐ν	
  run	
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Signal	
  efficiency	
 64%	

νµ	
  CC	
  BG	
  rejec(on	
 >99.9%	

NC	
  π0	
  BG	
  rejec(on	
 95%	




νe	
  candidate	
  events	
  axer	
  selec(on	
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Masashi Yokoyama (U. Tokyo) LBL and p-decay with Hyper-K1st open meeting for Hyper-K project, Aug.22-23 2012

Signal
(νμ→νe CC)

Wrong sign 
appearance

νμ/νμ 
CC

νe/νe 
contamination NC

ν (2.25MW·107s) 3,560 46 35 880 649

ν (5.25MW·107s) 1,959 380 23 878 678
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BG all
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νe candidates after selection
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2.25MW·107s
= 0.75MW×3yrs
(1.5MW×1.5yrs)

5.25MW·107s
= 0.75MW×7yrs
(1.5MW×3.5yrs)

1year=107s

sin22θ13=0.1,δ=0, normal MH

2000-3000 signal events expected for each of ν and ν
Wednesday, August 22, 12

sin22θ13=0.1,	
  δ=0,	
  normal	
  hierarchy	


Signal
(νμ→νe CC)

Wrong sign 
appearance

νμ/νμ 
CC

beam νe/νe 
contamination NC

ν (2.25MW·107s) 3,560 46 35 880 649

ν (5.25MW·107s) 1,959 380 23 878 678
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BG all
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Total
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BG from�SR+ SR
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BG Se�Se�SR�SR

SR�q�Se + BG

νe candidate events after selection
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2.25MW·107s
= 0.75MW×3yrs
(1.5MW×1.5yrs)

5.25MW·107s
= 0.75MW×7yrs
(1.5MW×3.5yrs)

1year=107s

sin22θ13=0.1,δ=0, normal MH

2000-4000 signal events expected for each of ν and ν
12年10月1日月曜日

•  2000-­‐4000	
  signal	
  events	
  expected	
  for	
  each	
  of	
  ν	
  and	
  an(-­‐ν	


•  Beam	
  νe/an(-­‐νe	
  and	
  NCπ0	
  are	
  the	
  dominant	
  BG	




CPV	
  sensi(vity	
  study	
  
in	
  LOI,	
  arXiv:	
  1109.3262	
  [hep-­‐ex]	
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CPV	
  sensi(vity	
  study	
  in	
  LOI	
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CPV*sensi(vity*study*in*LOI�

��

ν*run*&*ν*run�

Erec*bin*(50MeV/bin,*0D2GeV)�

Expected*number*of*events*from**
********νµ"νe*+*νµ"νe**signal*
********νµ*+*νµ*BG**(mostly*NC*π0)*
********νe*+*νe*BG**(mostly*CC1e)�

σsig***:**signal*normaliza(on*(5%)*
σνµ***:**νµ*BG*normaliza(on*(5%)*
σνe***:**νe*BG*normaliza(on*(5%)*
σν/ν**:**ν*run/ν*run*rela(ve*normaliza(on*(5%)*

Energy*dependent*error*not*considered.�

Which*systema(cs*is*important*?*
How*about*our*current*knowledge*?�

LOI*
assump(on�



Expected	
  Contours	
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assuming	
  5%	
  systema(cs	
  on	
  signal,	
  νµ	
  BG,	
  νe	
  BG,	
  ν/an(-­‐ν 	


Normal	
  hierarchy	
  (known),	
  sin22θ23	
  =	
  1.0,	
  7.5MW	
  year	


Good	
  sensi(vity	
  for	
  CPV!	


Expected Contours 
Normal mass hierarchy (known) 

- Good sensitivity for CPV 

7.5MW・years 
5%  systematics  on  signal,  νμ BG,  νe BG,  ν/ν 

Normal mass hierarchy (known)

- Good sensitivity for CPV

- modest dependence on θ13 value
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DayaBay1σCL

7.5MW ・ years

5%  systematics on signal, νμ BG, νe BG, ν/ν

17

sin22θ23=1

12年10月1日月曜日

True points 

Reactor 13 exps.(1σ) 



δ	
  resolu(on	
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δ resolution
Normal mass hierarchy (known)

‣δ precision < 20° (δ=90°)
                   < 10° (δ= 0°)
‣modest dependence on θ13
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22

12年10月1日月曜日

Normal	
  hierarchy	
  (known)	
  

•  δ	
  precision	
  <	
  20°	
  (δ=90°)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  <	
  10°	
  (δ=0°)	
  
•  modest	
  dependence	
  on	
  θ13	


assuming	
  5%	
  systema(cs	
  on	
  signal,	
  νµ	
  BG,	
  νe	
  BG,	
  ν/an(-­‐ν 	




Ongoing	
  study:	
  
Effect	
  of	
  systema(cs	
  on	
  	
  

CPV	
  sensi(vity	
  
(with	
  new	
  systema(c	
  parameters)	


15	




Ongoing	
  study:	
  effect	
  of	
  systema(cs	

•  Assuming	
  that	
  normaliza(on	
  is	
  given	
  by	
  Near	
  
Detector	
  
– For	
  νµ	
  in	
  ν	
  run,	
  	
  
– For	
  an(-­‐νµ	
  and	
  νµ	
  in	
  an(-­‐ν	
  run	
  

•  Systema(c	
  parameters	
  (total	
  11)	
  
– Normaliza(on	
  
– CCnon-­‐QE/CCQE	
  
– νµ(~NC)	
  
– Intrinsic	
  νe	
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Masashi Yokoyama (U. Tokyo) LBL and p-decay with Hyper-K1st open meeting for Hyper-K project, Aug.22-23 2012

Ongoing study: effect of systematics

• Check effect of systematics with updated χ2 definition

• Assuming that normalization will be given by ND

• For νμ in ν run, νμ and νμ in ν run

• Systematic parameters (total 11)

• Normalization

• CCnon-QE/CCQE

• νμ (~NC)

• Intrinsic νe

• No energy dependence (yet)
20

fnQE
ν , fnQE

ν

fνµ
ν , fνµ

ν , fν µ

ν

fνe
ν , fνe

ν , fν e
ν

fnorm
ν , fnorm

ν , fWS
ν

Wednesday, August 22, 12

WS:	
  wrong	
  sign	
  appearance	




Ongoing	
  study:	
  effect	
  of	
  systema(cs	
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Masashi Yokoyama (U. Tokyo) LBL and p-decay with Hyper-K1st open meeting for Hyper-K project, Aug.22-23 2012

χ2 used for systematics study

χ 2 = Ni − (1+ f νnorm ) n
i
νµ→νe ,QE

+ (1+ fnQE
ν )nνµ→νe , nQE

i + niν µ→ν e{⎡
⎣

i

forν

∑

+(1+ fνµ

ν )(nνµ

i + nνµ

i )+ (1+ fνe
ν )(nνe

i + nνe
i )}⎤⎦

2
/ Ni

+ Ni − (1+ fnorm
ν⎡⎣ ) nνµ→νe ,QE

i + (1+ fnQE
ν )niνµ→νe ,nQE

+ (1+ fνµ

ν )niνµ
+ (1+ fνe

ν )niνe{ }
i

forν

∑

+(1+ fWS
ν ) nνµ→νe ,QE

i + (1+ fnQE
ν )niνµ→νe ,nQE

+ (1+ fνµ

ν )niνµ
+ (1+ fνe

ν )niνe{ }⎤⎦
2
/ Ni

+ f 2

σ 2
syst. par
∑

ν run

antiν run

wrong sign

21

(Used Eνrec<1.2GeV)

Wednesday, August 22, 12

Masashi Yokoyama (U. Tokyo) LBL and p-decay with Hyper-K1st open meeting for Hyper-K project, Aug.22-23 2012

χ2 used for systematics study

χ 2 = Ni − (1+ f νnorm ) n
i
νµ→νe ,QE

+ (1+ fnQE
ν )nνµ→νe , nQE

i + niν µ→ν e{⎡
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(Used Eνrec<1.2GeV)

Wednesday, August 22, 12

(Used	
  Eνrec<1.2GeV)	




CPV	
  Discovery	
  sensi(vity	
  
(w/	
  Mass	
  hierarchy	
  known)	
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2% all syst

σ 

true δ (π)-1 -0.5 0 0.5 10

2

4

6

8

10

=0.10013V22sin
0.750 MW

  7.0 yrsS  3.0+S

Syst error
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020

High Sensitivity to CPV w/ <~5% sys. error

-1 -0.5 0 0.5 10

2

4

6

8

10

=0.10013V22sin
0.750 MW

  7.0 yrsS  3.0+S

Syst error
0.100
0.100
0.100
0.100
0.100
0.100
0.100
0.100
0.100
0.100
0.100

-1 -0.5 0 0.5 10

2

4

6

8

10

=0.10013V22sin
0.750 MW

  7.0 yrsS  3.0+S

Syst error
0.050
0.050
0.050
0.050
0.050
0.050
0.050
0.050
0.050
0.050
0.050

5% all syst

10% all syst

18

CPV Discovery Sensitivity (w/ Mass Hierarchy known)

7.5MWyear
sin22θ13=0.1
normal MH

74% region of δ covered at 3σ w/ 5% sys. error

12年10月1日月曜日

Effect	
  of	
  systema(cs	
  is	
  significant	
  
High	
  discovery	
  poten(al	
  to	
  CPV	
  w/	
  <~5%	
  sys.	
  errors	




CPV	
  Discovery	
  sensi(vity	
  
Effect	
  of	
  normaliza(on	


19	

Normaliza(on	
  has	
  largest	
  effect	


Masashi Yokoyama (U. Tokyo) LBL and p-decay with Hyper-K1st open meeting for Hyper-K project, Aug.22-23 2012
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Effect of normalization
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Wednesday, August 22, 12



CPV	
  Discovery	
  sensi(vity	
  
Other	
  systema(cs	


20	


Effect	
  may	
  be	
  small	
  
Note:	
  preliminary	
  study	
  with	
  simple	
  parametriza(on,	
  study	
  ongoing	
Masashi Yokoyama (U. Tokyo) LBL and p-decay with Hyper-K1st open meeting for Hyper-K project, Aug.22-23 2012

Other systematics

24
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Wednesday, August 22, 12



T2K	
  experience	
  
(only	
  ν	
  run,	
  so	
  far)	
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T2K:	
  Systema(c	
  errors	
  on	
  NSK	
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Table 10: The uncertainty (RMS/mean in %) on the predicted number of ⌫

e

candidate
events due to each individual error source.

Error source
sin2 2✓

13

= 0.1 sin2 2✓
13

= 0
Pre ND280 fit Post ND280 fit Pre ND280 fit Post ND280 fit
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Figure 8: The correlation matrix (left) and diagonal fractional errors (right) of all sys-
tematic parameters for the likelihood calculation. The red histogram in the right figure
represents the fractional error size of the BANFF parameters (bin number 0-26) before
the ND280 data fit.

is changed from the nominal values as a result of the fit to the MiniBooNE CC1⇡0,432

CC1⇡+ and NC1⇡0 data. This change in cross section parameters results in the433

⇠10 % larger number of predicted ⌫
e

candidate events than the nominal prediction.434

The last one, “Post ND280 fit”, uses the best fit values from the ND280 data fit435

by the BANFF. Only the values of the BANFF parameters are di↵erent from the436

nominal or prefit values as shown in Table 8. The main reason of the decrease in437

the predicted number of events (7 % decrease in case of sin2 2✓
13

= 0.1, 6% decrease438

in case of sin2 2✓
13

= 0.0) is the 5⇠10 % decrease of flux normalizations after the439

BANFF fit.440
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e

candidate
events due to each individual error source.

Error source
sin2 2✓

13

= 0.1 sin2 2✓
13

= 0
Pre ND280 fit Post ND280 fit Pre ND280 fit Post ND280 fit

Flux 11.8 8.0 10.7 7.4
M

QE

A

(GeV) 16.3 6.7 9.6 4.1
M

RES

A

(GeV) 2.1 1.8 4.6 4.0
CCQE norm (E

⌫

< 1.5 GeV) 8.0 6.2 4.9 3.8
CC1⇡ norm (E

⌫

< 2.5 GeV) 5.1 3.5 5.1 3.4
NC1⇡0 norm 2.3 2.2 7.9 7.4
CC other shape (GeV) 0.1 0.1 0.2 0.2
Spectral function 5.5 5.5 3.4 3.4
p

F

(MeV) 0.1 0.1 0.3 0.3
CC coherent norm 0.2 0.2 0.2 0.2
NC coherent norm 0.6 0.6 2.0 2.0
NC1⇡±+NC other norm 0.8 0.8 2.6 2.6
�

⌫

e

CC

/�

⌫

µ

CC

2.7 2.7 1.8 1.8
W shape (MeV) 0.9 0.9 1.7 1.7
Pionless delta decay 3.2 3.2 0.1 0.1
1⇡ E

⌫

shape 1.2 1.2 3.4 3.4
SK detector e�ciency 3.1 3.1 7.0 7.0
FSI+SI 2.4 2.4 2.9 2.9
SK energy scale 0.6 0.6 1.4 1.4
Total 24.3 9.8 21.1 13.3

23

Table 10: The uncertainty (RMS/mean in %) on the predicted number of ⌫

e

candidate
events due to each individual error source.

Error source
sin2 2✓

13

= 0.1 sin2 2✓
13

= 0
Pre ND280 fit Post ND280 fit Pre ND280 fit Post ND280 fit

Flux 11.8 8.0 10.7 7.4
M

QE

A

(GeV) 16.3 6.7 9.6 4.1
M

RES

A

(GeV) 2.1 1.8 4.6 4.0
CCQE norm (E

⌫

< 1.5GeV) 8.0 6.2 4.9 3.8
CC1⇡ norm (E

⌫

< 2.5GeV) 5.1 3.5 5.1 3.4
NC1⇡0 norm 2.3 2.2 7.9 7.4
CC other shape (GeV) 0.1 0.1 0.2 0.2
Spectral function 5.5 5.5 3.4 3.4
p

F

(MeV) 0.1 0.1 0.3 0.3
CC coherent norm 0.2 0.2 0.2 0.2
NC coherent norm 0.6 0.6 2.0 2.0
NC1⇡±+NC other norm 0.8 0.8 2.6 2.6
�

⌫

e

CC

/�

⌫

µ

CC

2.7 2.7 1.8 1.8
W shape (MeV) 0.9 0.9 1.7 1.7
Pionless delta decay 3.2 3.2 0.1 0.1
1⇡ E

⌫

shape 1.2 1.2 3.4 3.4
SK detector e�ciency 3.1 3.1 7.0 7.0
FSI+SI 2.4 2.4 2.9 2.9
SK energy scale 0.6 0.6 1.4 1.4
Total 24.3 9.8 21.1 13.3

23

Individual	
 Group	


Flux+Xsec	
  
w/	
  ND	
  fit	
  
5.0%	


Xsec	
  
w/o	
  ND	
  fit	
  

7.4%	


SK	
  det.	
  
+FSI/SI	
  
3.9%	
  

sin22θ13	
  =	
  0.1	


Total	
 9.8%	


Flux	
  +	
  Xsec	
  w/ND	
  fit	
  
•  NA61	
  measurement	
  
•  K	
  prod.	
  (w/	
  higher	
  stat.)	
  
•  2nd.	
  Proton	
  
•  Replica	
  target	
  

•  ND	
  measurement	
  
•  Higher	
  sta(s(cs	
  
•  More	
  event	
  categories	
  
	
  	
  	
  	
  	
  CCQE,	
  CC1π,	
  CCNπ,	
  …	


•  Larger	
  phase-­‐space	
  
	
  	
  	
  	
  	
  analysis	
  
•  New	
  ND	
  with	
  
	
  	
  	
  	
  	
  4π	
  acceptance	
  

Sys.	
  errors	
  on	
  NSK	


ND:	
  Near	
  Detector	




T2K:	
  How	
  to	
  reduce	
  Systema(c	
  errors	
  (2)	


24	


Table 10: The uncertainty (RMS/mean in %) on the predicted number of ⌫
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  feasibility	
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  T2K.	
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Summary	


•  J-­‐PARC	
  +	
  Hyper-­‐K	
  LBL	
  experiment	
  has	
  
poten(al	
  to	
  reveal	
  full	
  picture	
  of	
  neutrino	
  
oscilla(on.	
  
– CPV	
  >	
  3σ(5σ)	
  for	
  74(55)%	
  of	
  δ	


	



•  Systema(c	
  uncertain(es	
  are	
  important	
  for	
  
study	
  of	
  sub-­‐leading	
  CPV	
  effect.	
  
– We	
  will	
  demonstrate	
  J-­‐PARC/Hyper-­‐K	
  feasibility	
  
with	
  T2K.	
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CPV	
  Discovery	
  sensi(vity	
  
(w/	
  Mass	
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Effect	
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The predicted number of events 
and systematic uncertainties

Event category sin2 2�13 = 0.0 sin2 2�13 = 0.1
Total 3.22±0.43 10.71±1.10
⇥e signal 0.18 7.79
⇥e background 1.67 1.56
⇥µ background 1.21 1.21
⇥µ + ⇥e background 0.16 0.16

The predicted # of events w/ 3.01 x 1020 p.o.t.

(mainly NCπ0)
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Figure 9: The predicted number of events distribution for the Run1+2+3b+3c POT until
June 9 (= 3.010� 1020) with sin2 2�13 = 0.1 (left) and sin2 2�13 = 0 (right).

3.3 E�ect of systematic uncertainties441

How much the systematic uncertainty a�ect the prediction is checked by throwing442

the systematic parameters. Specifically, a total of 20000 sets of the systematic443

parameters following the multivariate normal distribution and covariance matrix444

are generated, and then the reconstructed neutrino energy distribution and total445

number of events are calculated for each set by using Equations (6) and (7). The446

central values of systematic parameters in the multivariate normal distribution are447

set at the “Post ND280 fit” values. As for the error size and correlation among448

parameters, the covariance matrices both before and after the ND280 fit are tested449

for checking the improvement by the ND280 fit.450

Figure 9 shows the predicted number of events distributions over the 20000451

throws of systematic parameters for the Run1+2+3b+3c POT until June 9 (=452

3.010� 1020). The distribution made with error values before the ND280 fit (blue453

hatched) and the distribution after the ND280 fit (red solid) are shown together454

for both sin2 2�13 = 0.1 and = 0 cases. As seen in the figure, the uncertainty on455

the predicted number of events is largely reduced after the ND280 fit. The size of456

error reduction by the ND280 data is larger in sin2 2�13 = 0.1 case than that in457

sin2 2�13 = 0 case. The main reason is that the ⇥e signal sample is mostly composed458

of CCQE events, whose uncertainty is well constrained by the ND280 data, while459

the uncertainty of NC1⇤0 events, one of the major backgrounds, can be constrained460

only slightly by the ND280 data.461

The systematic uncertainty on the predicted number of events due to each indi-462

vidual error source is also estimated by throwing only relevant systematic parame-463

ters and fixing the other parameters at their prior values. The result is summarized464

in Table 10, together with sizes of the total systematic errors. The dominant error465

sources in sin2 2�13 = 0.1 case after the ND280 data fit are the uncertainties on466

the beam flux prediction, MQE
A , CCQE normalization and Spectral function. You467

may notice that the total error size is not equal to the quadratic sum of individual468

errors. This is because some of the systematic parameters can vary in a correlated469

way.470

The systematic uncertainty on the predicted number of events due to each group471

of error sources is summarized in Table 11. The table also includes the size of to-472

tal errors in this analysis and in the 2010a analysis. In addition to constraints on473
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Uncertainties are reduced 
using ND280 measurement

Error source sin2 2�13 = 0 sin2 2�13 = 0.1
Beam flux+⇥ int. 8.7 % 5.7 %in T2K fit
⇥ int. (from other exp.) 5.9 % 7.5 %
Final state interaction 3.1 % 2.4 %
Far detector 7.1 % 3.1 %
Total 13.4 % 10.3 %
(T2K 2011 results:                               ~23%                     ~18%)

big improvement from the T2K 2011 results

Systematic uncertainties
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•  Total	
  sys.	
  error	
  for	
  sin22θ13=0.1:	
  ~10%	
  
•  Beam	
  flux	
  +	
  ν	
  int.	
  constraint	
  in	
  T2K:	
  5.7%	
  
•  ν	
  cross	
  sec(on	
  uncertainty	
  from	
  other	
  experiment:	
  7.5%	
  
•  Super-­‐K	
  detector	
  uncertainty:	
  3.1%	


T2K	
  flux	
  extrapola(on	
  and	
  
the	
  detector	
  uncertain(es	
  
almost	
  reach	
  the	
  Hyper-­‐K	
  
requirement.	


Upcoming	
  Cross-­‐sec(on	
  
measurements	
  in	
  T2K-­‐ND280	
  	
  
and	
  the	
  cross	
  sec(on	
  model	
  
improvements	
  are	
  cri(cal.	




T2K:	
  Neutrino	
  flux	
  at	
  ND	


31	


Neutrino flux at ND and SK 

K Mahn, NuFACT 2012/07/24  9 

ND samples represent νµ flux 

  νµ from π decay: CCQE, CCnQE samples 

  νµ from K decay: CCnQE sample 

Neutrino flux at ND and SK 

K Mahn, NuFACT 2012/07/24  9 

ND samples represent νµ flux 

  νµ from π decay: CCQE, CCnQE samples 

  νµ from K decay: CCnQE sample 

νµ	
  from	
  π	
  decay	
  
•  CCQE	
  enriched	
  sample	
  
•  CCnQE	
  enriched	
  sample	
  
νµ	
  from	
  K	
  decay	
  
•  CCnQE	
  enriched	
  sample	


	
  ND	
  	
	
  ND	
  	
 νµ	




T2K:	
  ν	
  flux	
  correla(on	
  btw.	
  ND	
  and	
  SK	
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Neutrino flux at ND and SK 

K Mahn, NuFACT 2012/07/24  9 

ND samples represent νµ flux 

  νµ from π decay: CCQE, CCnQE samples 

  νµ from K decay: CCnQE sample 

SK	
  signal/NC	
  background	
  events	
  strongly	
  correlate	
  
with	
  νµ	
  flux	
  measured	
  at	
  ND.	


νµ	
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  How	
  to	
  reduce	
  Systema(c	
  errors	
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Table 10: The uncertainty (RMS/mean in %) on the predicted number of ⌫

e

candidate
events due to each individual error source.

Error source
sin2 2✓

13

= 0.1 sin2 2✓
13

= 0
Pre ND280 fit Post ND280 fit Pre ND280 fit Post ND280 fit

Flux 11.8 8.0 10.7 7.4
M

QE

A

(GeV) 16.3 6.7 9.6 4.1
M

RES

A

(GeV) 2.1 1.8 4.6 4.0
CCQE norm (E

⌫

< 1.5 GeV) 8.0 6.2 4.9 3.8
CC1⇡ norm (E

⌫

< 2.5 GeV) 5.1 3.5 5.1 3.4
NC1⇡0 norm 2.3 2.2 7.9 7.4
CC other shape (GeV) 0.1 0.1 0.2 0.2
Spectral function 5.5 5.5 3.4 3.4
p

F

(MeV) 0.1 0.1 0.3 0.3
CC coherent norm 0.2 0.2 0.2 0.2
NC coherent norm 0.6 0.6 2.0 2.0
NC1⇡±+NC other norm 0.8 0.8 2.6 2.6
�

⌫

e

CC

/�

⌫

µ

CC

2.7 2.7 1.8 1.8
W shape (MeV) 0.9 0.9 1.7 1.7
Pionless delta decay 3.2 3.2 0.1 0.1
1⇡ E

⌫

shape 1.2 1.2 3.4 3.4
SK detector e�ciency 3.1 3.1 7.0 7.0
FSI+SI 2.4 2.4 2.9 2.9
SK energy scale 0.6 0.6 1.4 1.4
Total 24.3 9.8 21.1 13.3
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Table 10: The uncertainty (RMS/mean in %) on the predicted number of ⌫

e

candidate
events due to each individual error source.

Error source
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Individual	
 Group	


Flux+Xsec	
  
w/	
  ND	
  fit	
  
5.0%	


Xsec	
  
w/o	
  ND	
  fit	
  

7.4%	


SK	
  det.	
  
+FSI/SI	
  
3.9%	
  

sin22θ13	
  =	
  0.1	


Total	
 9.8%	


Flux	
  errors	
  
•  NA61	
  measurement	
  
•  K	
  produc(on	
  
•  2nd.	
  Proton	
  
•  Replica	
  target	
  

•  ND	
  measurement	
  
Xsec	
  errors	
  w/	
  ND	
  fit	
  
•  ND	
  measurement	
  
	
Xsec	
  errors	
  w/o	
  ND	
  fit	
  
•  Higher	
  acceptance	
  (4π)	
  
	
  	
  	
  	
  	
  ND	
  with	
  water	
  target	
  
SK	
  det.	
  Errors	
  
•  Higher	
  stat.	
  of	
  control	
  
	
  	
  	
  	
  	
  samples	
  	
  

Sys.	
  errors	
  on	
  NSK	


FSI	
  errors	
  
•  π	
  sca]ering	
  exp.	
  

ND:	
  Near	
  Detector	




T2K	
  sys.	
  errors	
  on	
  Neutrino	
  flux	
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Flux uncertainties on the number of  νe events

21

For comparison:
-Total error July 2011 result            

14.9 8.515.4

2011 results were without NA61 kaon data 

Clear improvement 
on flux uncertainties 
since 2011 results!



Summary	

•  J-­‐PARC	
  +	
  Hyper-­‐K	
  LBL	
  experiment	
  has	
  poten(al	
  to	
  
reveal	
  full	
  picture	
  of	
  neutrino	
  oscilla(on.	
  
–  CPV	
  >	
  3σ(5σ)	
  for	
  74(55)%	
  of	
  δ	



•  Systema(c	
  uncertain(es	
  are	
  important	
  for	
  study	
  of	
  
sub-­‐leading	
  CPV	
  effect.	
  
–  Ongoing	
  work:	
  quan(fying	
  the	
  effect	
  from	
  each	
  systema(c	
  
error	
  and	
  making	
  a	
  strategy	
  for	
  achieving	
  the	
  Hyper-­‐K	
  
requirement.	
  
•  Cross-­‐sec(on	
  measurements	
  in	
  T2K	
  Near	
  Detector	
  and	
  
the	
  cross	
  sec(on	
  model	
  improvements	
  
•  An(-­‐ν	
  run	
  in	
  T2K	
  
•  Improve	
  (upgrade)	
  Near	
  Detector	
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